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It is reported that neodymium chalcogenides (NdS, NdSe, and NdTe) exhibit a transition to the 
antiferromagnetic ordered state. This is in agreement with the Kramers theorem, which pre
dicts that if a partly filled atomic shell contains an odd number of electrons the lower energy 
level in the crystal field remains degenerate, and that this, at sufficiently low temperatures, 
may cause a transition to a magnetically ordered state. Confirmation was obtained for neo
dymium Nd3+ (4~) and cerium (4f1) monochalcogenides, which were taken as examples. [ 91 

THE magnetic and electrical properties of rare
earth metal compounds have been investigated in
tensively in the last few years. Thus, for example, 
Busch et al. [ 1J investigated the magnetic proper
ties of phosphides, arsenides, and antimonides of 
rare-earth metals from 1. 5 to 300 o K in strong 
fields (up to 160 kOe). Holtz berg et al. [ 21 carried 
out investigations of the magnetic and electrical 
properties of the rare-earth compounds 
Gd4(SbxBi1-x)a, (Eu1-xGdx)Se, and others. An ex
tensive review is given in the monograph by Belov 
et al. [ 3 J 

Rare-earth metals may form compounds with 
elements in the sixth group of the periodic system 
(S, Se, Te) in the stoichiometric ratio 1:1. These 
compounds, known as monochalcogenides, have the 
rocksalt (NaCl) structure. The magnetic proper
ties of the monocompounds of rare-earth metals 
with metalloids of the fifth and sixth groups of the 
periodic system were investigated by Iandelli, [ 4 l 

but his measurements were carried out over a 
relatively narrow range of temperatures (90-
4730 K) and in a constant magnetic field of 8200 Oe. 
The magnetic properties of monochalcogenides 
have not yet been investigated at low temperatures. 
The only exceptions are Eu monochalcogenides, [ 5l 

of which EuS and EuSe are ferromagnetic below 
16 and 6° K, respectively, while EuTe is antiferro
magnetic with a Neel point TN = 11 o K. The pres
ent investigation is one of a series dealing with the 
magnetic properties of rare-earth monochalco
genides. Earlier, we investigated the magnetic 
properties of the same compounds at temperatures 
of 100-1300 o K. (SJ 

The present communication reports the results 
of an investigation of the magnetic properties of 

Com• I a, kX I TN, ·K I 11'-~~fii'-B pound 9, °K 

NdS 5.63 8 -24 3.62 
NdSe 5.90 14 -9 3AO 
NdTe 6,26 13 -11! 3,54 

neodymium monochalcogenides in the temperature 
range 4.2-150° K. Measurements were carried 
out using a pendulum magnetometer in fields of 
6-13 kOe. The investigated compounds were syn
thesized from elements by the method described 
in the paper of Zhuze et al. [ 7 J Phase analysis of 
the samples was carried out by x-ray diffraction 
and it was found that the samples consisted of 
practically one phase and had well-established 
structure of the NaCl type. The results of the mag
netic measurements are given in the table [which 
includes the lattice parameter a, the antiferro
magnetic transition temperature TN, the constant 
e in the Curie-Weiss law X = C/(T + ®), and the 
experimentally determined effective number of 

1 ·• 3 :tx 10 , g/cm 

18 

) 
10 

1/ 
Ia 

[~ 
6 

I 'If' 
z 
0 

I 
~ 

l><!' 

ea 

/ 
1/ 

/ 
/ 

120 r,•K 

FIG. 1. Temperature dependence of the reciprocal of the 
specific magnetic susceptibility of NdS. 
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FIG. 2. Temperature dependence of the reciprocal of the 
specific magnetic susceptibility of NdSe. 

Bohr magnetons J..L~tf = 2.84 [X M(T- ®)]112/..LB, 

which is in good agreement with the theoretical 
value 11 ~~1or = gJ[J(J + 1)]112 J..LB = 3.62 11B• where 
J is the quantum number of the lower level of the 
multiplet of the Nd3+ ion, and gJ is the Lande 
factor]. The electrical measurements showed that 
all the investigated samples were metals at room 
temperature. [ 7 l 

Figures 1-3 give the dependences of the quan
tity X - 1 on T for neodymium monochalcogenides. 
In the temperature range 150-70 o K, the depend
ence X -1(T) for NdS obeys the Curie-Weiss law 
but below these temperatures they are departures 
from the linear dependence x-1(T) and the suscep
tibility (within the limits of accuracy of measure
ments of X, which was 1.5%) is independent of the 
intensity of the external magnetic field lfo. 

Below 50 o K the X -1 (T) curve has a kink and a 
spontaneous magnetic moment us(T) appears. In 
this range of temperatures the magnetization de
pends linearly on the external magnetic field in
tensity: u (T, Ifo) = us(T) + X(T)Ifo. The depend-
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FIG. 3. Temperature de
pendence of the reciprocal 
of the specific magnetic sus
ceptibility of NdTe. 

FIG. 4. Temperature de
pendence of the specific 
spontaneous magnetic mo
ment of NdS. 
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ence of the spontaneous magnetic moment on tern
perature is given in Fig. 4. 

The spontaneous magnetic moment per formal 
unit of NdS (n = 0.067 J..LB) represents only a small 
fraction (2%) of the magnetic moment of the Nd3+ 

ion, calculated from Hunds formula (n = gJJ/1 B 
= 3.28 J..LB ). It would seem that this can explain the 
transition to the weakly ferromagnetic state. In 
the light of Turov's work,[B] the appearance of 
weak ferromagnetism of relativistic origin is pos
sible in structures of the NaCl type (space sym
metry group 0~). However, it is also likely that 
the transition at T = 50 o K is due to the presence 
of ferromagnetic compounds or solid solutions of 
europium and gadolinium. The neodymium, used 
in the synthesis of the NdS, contained large 
amounts of other rare-earth elements as impuri
ties, compared with the neodymium used to pre
pare the NdSe and NdTe. This was also supported 
by the fact that the transition temperature of 50 o K 
was unusually high compared with other neody
mium compounds. Therefore, we concluded that 
the sharp change in X at 8 o K corresponded to a 
phase transition to the antiferromagnetic state. 

From a consideration of the dependence x-1(T) 
for NdSe and NdTe, it was evident that these com
pounds satisfied the Curie-Weiss law up to 80° K, 
but below this temperature there were deviations 
from the linear dependence, which were evidently 
due to the influence of the crystal field. At tern
peratures below 14° Kin the case of NdSe and be
low 13 o K in the case of NdTe, there was a transi
tion to the antiferromagnetic ordered state. The 
susceptibility of these compounds was independent 
of the external magnetic field intensity over the 
whole investigated temperature range. 

The Nd3+ ion in the investigated monochalco
genides has the electron configuration 4f3• Ac
cording to Kramers' theorem, if an ion has an odd 
number of electrons in its partly filled shell, the 
lowest energy level of the ion in the crystal field 
remains degenerate. Then, below some definite 
temperature (TN), at which kT becomes less than 
the exchange energy, there is a transition to a 
magnetically ordered state, as observed for neo
dymium monochalcogenides. In this connection, 
it is useful to note that, as discovered by us ear
lier, [ 9] cerium monochalcogenides are also trans-
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formed to a magnetically ordered state at low tem
peratures. 

The authors express their gratitude to Pro
fessor G. A. Smolenski! for directing this work, 
for discussing the results, and for his constant in
terest; to Professor V. P. Zhuze and his labora
tory colleagues for supplying the samples; and to 
ProfessorS. A. Al'tshuler, M. M. Zaripov, and 
I. S. Pominov for making it possible to carry out 
measurements at helium temperatures. 
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